Allele-specific gene therapy aims to silence expression of mutant alleles through targeting of disease-linked single-nucleotide polymorphisms (SNPs). However, SNP linkage to disease varies between populations, making such molecular therapies applicable only to a subset of patients. Moreover, not all SNPs have the molecular features necessary for potent gene silencing. Here we provide knowledge to allow the maximisation of patient coverage by building a comprehensive understanding of SNPs ranked according to their predicted suitability toward allele-specific silencing in 14 repeat expansion diseases: amyotrophic lateral sclerosis and frontotemporal dementia, dentatorubral-pallidoluysian atrophy, myotonic dystrophy 1, myotonic dystrophy 2, Huntington's disease and several spinocerebellar ataxias. Our systematic analysis of DNA sequence variation shows that most annotated SNPs are not suitable for potent allele-specific silencing across populations because of suboptimal sequence features and low variability (497% in HD). We suggest maximising patient coverage by selecting SNPs with high heterozygosity across populations, and preferentially targeting SNPs that lead to purine:purine mismatches in wild-type alleles to obtain potent allelespecific silencing. We therefore provide fundamental knowledge on strategies for optimising patient coverage of therapeutics for microsatellite expansion disorders by linking analysis of population genetic variation to the selection of molecular targets.
INTRODUCTION
The successful implementation of personalized medicine and, in particular, the development of therapies that silence disease-causing alleles without altering the expression of their wild-type homologues will have a great impact on human health. 1, 2 Most studies on allelespecific silencing are based exclusively on patients of European descent, but given that European populations contain only a subset of human genetic variation, to what degree can such therapeutic methods be readily transferred to patients of different genetic backgrounds? Indeed the heterogeneity of some diseases will make therapies based on a single molecule only applicable to a subset of patients. It could be argued that ultimately additional therapeutic molecules will be developed to permit complete patient coverage. However, a realistic view predicts that the high cost involved in the clinical development of each molecular target will very likely exclude patients with the rarest genotypes.
In this context, acquiring a comprehensive collection of DNA sequence variation, as undertaken by a number of different large-scale genomic projects, 3, 4, 5 will provide the information needed to maximise patient coverage using the minimum number of therapeutic molecules targeting the single-nucleotide polymorphisms (SNPs) linked to a disease. Ideally, a list of SNPs would be available for each disease covering all patients (similar to the lists of tag SNPs used for mapping in genome-wide studies), and their corresponding silencing oligomers would be validated as being able to provide potent and allele-specific silencing.
Making this ideal database a reality is not a simple task of ranking SNPs according to their association with the disease. First, when more than one SNP is used to increase the patient coverage, targets must not be completely genetically linked to each other, as the subset of patients included would be entirely overlapping. Second, only some of the sequences containing the SNPs have the molecular features necessary for potent allele-specific gene silencing. 6, 7, 8, 9, 10 Therefore, the future set of guidelines for the gene therapy of these diseases will presumably require iteration from bioinformatics to empirical validation. In this context, taking into account putative targets with their degrees of heterozygosity, haplotype structures across populations and molecular constraints for gene therapy could provide valuable information to facilitate the empirical validation of new allele-specific therapies and predict their performances outside the genotyped sample across different population groups.
In this study we focus on the challenge of developing genetic therapies for microsatellite expansion disorders. Many dominant muscular and neurodegenerative diseases are caused by unstable expansions of microsatellites that induce toxicity at the protein or RNA level. These include the recently discovered hexamer microsatellite causing amyotrophic lateral sclerosis and frontotemporal dementia 11, 12 and other more well-studied microsatellite diseases including myotonic dystrophy 1 and 2, dentatorubral-pallidoluysian atrophy, Huntington's disease, Huntington's disease-like 2 and several spinocerebellar ataxias. 13 Here we combine population genetics analysis and predictors of molecular amenability to gene therapy of each SNP in order to facilitate the optimal targeting of therapeutics in terms of patient coverage and potency. The analysis of population-based sequence variation combined with the validation of molecular targets for potency and patient coverage will likely lead to a future set of guidelines for the treatment of microsatellite expansion diseases.
MATERIALS AND METHODS Bioinformatics
SPSmart (http://spsmart.cesga.es/) was used to retrieve SNPs and their heterozygosity for each gene in populations with African, Asian, and European ancestry, YRI, CHB and CEU respectively: YRI, Yoruba, n = 88; CEU, Utah residents with Northern and Western European ancestry, n = 87; CHB, Han Chinese from Beijing, n = 97 (1000 Genomes Phase I May 2011). A custom VBA macro was written to create the lists of SNPs, assigning each SNP and its features to exons. Haploview was used to build haplotypic blocks (http://www. broadinstitute.org). The limits of haplotype blocks depend on the algorithm employed and marker density. Therefore, blocks must be considered a relative measure of the average linkage disequilibrium for SNPs across populations outside genotyped samples, rather than representing a particular number of haplotypes.
We selected the SNPs discussed in the main text for being exonic, and heterozygous in at least 10% of the individuals of one of the populations. In Supplementary Material all the SNPs contained on each gene are given with their corresponding heterozygosity in each population, with the only condition that they must be at least 40% heterozygous in one of the populations. SNPs were classified using a three-colour system in ascending order of their molecular amenability to silencing (red, yellow and green). Note that this classification is based only on the nature of the SNP, and different chemistries can have additional sequence requirements. This is also a relatively conservative classification in that some of the SNPs listed in red may also be amenable to good allele-specificity.
Models of patient coverage were built assuming that patients are heterozygous for the disease-causing allele (this should be true for the vast majority of patients with dominant diseases). The maximum patient coverage for each of the therapeutic molecules targeting a SNP linked to a microsatellite should approximate to lim
ð Þr 2 where p and q are the allele frequencies and r 2 is the linkage disequilibrium between the targeted SNP and the genetic variant causing the disease. Covering 100% of the patients targeting one SNP is theoretically possible if linkage to the disease is maximum (r 2 = 1). In this case all patients would be heterozygous for both the disease-causing allele and the targeted SNP, showing always the same allelic combination. If there is no linkage between the targeted SNP and the mutant microsatellite, patient coverage will depend exclusively on the heterozygosity of the SNP, for example, if 50% of individuals are heterozygous, the coverage of the treatment should bẽ 25% of patients.
Statistics
Statistical analyses of the data were performed using 'R' (http://www.r-project. org/). All error bars used in this study are SEM. All experiments were performed at least in triplicate and statistical differences between treatments were investigated by t-tests.
RESULTS AND DISCUSSION
SNPs are the most common form of allelic variability. Consequently, they are the main targets for antisense molecules aiming to achieve allele-specific gene silencing. Such antisense molecules are designed to be complementary only to the SNP variant linked to the mutant microsatellite, thereby containing a mismatch with the wild-type allele that ablates mRNA knockdown and reduction of levels of the normal protein. One caveat of this approach lies in the heterogeneity of the disease population, that is, a single linked SNP does not necessarily encompass the majority of patients because the expanded microsatellite can be associated with a range of different haplotypes. In many microsatellite expansion diseases it has been found that the expanded allele has arisen multiple times on different haplotypes. 14, 15 An example of the expansion of a microsatellite occurring in completely different haplotypes is given by SCA36, which was initially described as being exclusive to Japanese patients 16 but later found to be the cause of the Costa da Morte Ataxia, the most common form of ataxia in the Northwest of Spain 17 (B, Supplementary Material).
The finding of mutant expansions in multiple haplotypes highlights the need for developing multiple therapeutic molecules targeting different SNPs to cover a greater proportion of patients. A single founder expansion situation would predict identical alleles at all SNP positions close to the mutation, with the strength of linkage decaying smoothly as a function of distance due to the ancestral recombination event. In contrast, expansions on multiple haplotypes would lead to some SNPs being highly associated with the mutant microsatellite with other SNPs that completely lack association. Consequently, the transfer of therapeutic molecules across different human populations will only be possible in some instances owing to their different haplotype structures.
To identify the therapeutic molecules that are most likely to be transferable across different populations, rather than relying exclusively on the linkage information given by a sample of patients comprising only a subset of the genetic heterogeneity of the disease, we suggest also taking into consideration the following features. First, high heterozygosity of the SNPs across populations (eg, on average an SNP with heterozygosity of 50% across all populations would provide coverage to 25% of the patients simply by random association with the expanded allele). Second, a relatively high genetic distance from other previously identified SNP targets: on average, SNPs that are adjacent to each other are more likely to be linked compared with SNPs that are located at distant positions within the gene. Two genetically linked SNPs would tend to be present in the same combination of alleles, providing therapy to the same group of genotypes without increasing patient coverage. Choosing distant SNPs would therefore tend to provide a broader combined coverage. Third, SNP nucleotide composition, which can partially predict to what extent allele-specificity would be achievable with a complementary antisense oligonucleotide. For example, SNPs involving purine:purine antisense:target mismatches with the wild-type allele (ie, G:A, G:G, A:A and A:G) will tend to provide the most allele-specific results. 6, 7 Conversely, pyrimidine:pyrimidine, pyrimidine:purine or purine:pyrimidine mismatches are expected to be well accommodated in the antisense moleculemRNA helix and, therefore, display only intermediate levels of discrimination. Of these, the least prone to allele-specific silencing are C:A, U:G, C:U and U:U 6 . The G:U mismatch could also result in poor allele-specificity if the antisense molecule contains a modified nucleotide at this site. 8 In Figures 1 and 2 we show heterozygosity, the amenability of each SNP to be targeted for allele-specific gene therapy and haplotype structure for the HD and SCA7 genes across three populations of African, Asian and European ancestry (Yoruba, CHB and CEU, respectively). The SNPs included are exonic and tailored for maximum silencing efficiency by targeting mRNA using antisense oligonucleotides or siRNAs. Further targets for other genes involved in microsatellite expansion diseases (both with and without including intronic sequences) are described in Supplementary Material.
Optimising antisense molecules for SNPs that contain alleles with a frequency close to 50% across populations would provide a therapy amenable to transfer between populations. Furthermore, because expansions tend to occur in the most common alleles, the subsets of SNPs shown in Figures 1 and 2 and in the Supplementary Material would also tend to include the most useful SNPs in a particular population. As HD is the most studied microsatellite expansion disease, it provides an example to investigate our ability to predict therapeutic targets with good overall population coverage. For instance, from the 900 or so SNPs of the HTT gene, Warby et al (2009) 18 19 genotyped groups of patients and controls and identified one SNP (rs362307) linked to the expanded microsatellite that would be able to provide allele-specific therapy tõ 50% of patients of European ancestry. Pfister et al (2009) then identified and optimised siRNAs for the allele-specific silencing of three SNPs with high heterozygosity that would be able to increase the coverage of patients in their sample to 75%. 18, 19 All these selected SNPs are present in the group of 25 SNPs given for HD (2.8% of all HTT SNPs) in Figure 1 as being the most heterozygous across different populations in exonic sequences. Likewise, although less work has been devoted to the SCA7 gene, the allele A of the SNP rs3774729 has been reported to be linked to 50% of patients in South Africa. 20 This SNP is also in the subset of high heterozygosity SNPs across populations in Figure 2 .
It is important to point out that in the case of siRNAs (that target mainly exons, contrary to oligonucleotides) changes in splicing patterns could alter the subset of SNPs that are targetable. This adds an element of uncertainty in the case of siRNAs because different tissues affected by a particular pathology could differ in their splicing patterns. The splicing patterns of all tissues affected by these disorders remain largely unknown but this could constitute a fruitful avenue for further research to refine the subsets of targets. SNPs are classified according to the amenability of each SNP to be targeted for allele-specific gene therapy in ascending order with a three-colour system (red, yellow and green). The first allelic variant is the genomic reference allele and the second the alternative (based on the GRCh37 assembly of the human genome). The colour of each variant predicts the allele-specificity when the variant is contained in the wild type. Thus, it is predicted that targeting a SNP with the wild-type allele highlighted in red will lead to poor allele-specificity (mismatches antisense:target C:A, U:G, C:U and U:U) whereas the expression of a wild-type allele in green will tend to remain unchanged (mismatches G Finally, both in the case of repeat-and SNP-targeting it is also important to be aware of the unfortunate situation of developing a therapeutic option that is allele-specific but not gene specific, especially if the genes that are targeted are tumour suppressors or have even a more important role than the gene targeted by the treatment. This could be the case of an oligonucleotide treatment claiming to provide a therapy for all HD patients. 21 The treatment is able to discriminate the wild-type allele of HTT aligning a SNP against the position in the oligonucleotide that provides the highest mismatch discrimination but authors did not report the blast results of the MOE oligonucleotide against other genes. And, in fact, sequences with a single mismatch in positions shown to lack specificity by the authors are also present in 16 other genes (Supplementary Material Table 1S ).
Population heterogeneity of allele-specific silencing Despite the microsatellite expansions arising in multiple haplotypes, there are cases where a specific haplotype deserves attention. This is applicable where a single ancestral founder can account for the shared haplotype observed in a substantial number of patients (see Supplementary Material for general information about each of these diseases, with an emphasis on population prevalence to help planning the validation of targets). For instance, the highest prevalence of HD occurs in villages on the coast of Lake Maracaibo (Venezuela) 22 where there are 414 000 patients affected (from www.hdfoundation.org).
Apart from differences in prevalence, another population pattern emerges in Figure 3 . Patient coverage provided by allele-specific gene therapy depends on population diversity (Figure 3a) and follows a similar pattern to the haplotype coverage of tag SNPs in genome-wide studies. 23 This is expected by the loss of genetic diversity of human populations with distance from Africa 24,25 depicted in Figure 3b by a linear decrease in heterozygosity with land-only geographic distance to Africa of 53 human populations calculated from a 783 microsatellite marker panel. 26 Therefore, genomes of individuals of African ancestry would provide more targets for allele-specific gene therapy (more SNPs and with higher heterozygosity), and the number of these potential targets would decrease with distance from Africa.
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Figure 2 Exonic SNPs in SCA7 selected for having heterozygosity of at least 10% in one population of Asian (CHB), African (YRI) or European ancestry (CEU). SNPs are classified according to the amenability of each SNP to be targeted for allele-specific gene therapy in ascending order with a three-colour system (red, yellow and green). The first allelic variant is the genomic reference allele and the second the alternative (based on the GRCh37 assembly of the human genome). The colour of each variant predicts the allele-specificity when the variant is contained in the wild type. Thus, it is predicted that targeting a SNP with the wild-type allele highlighted in red will lead to poor allele-specificity (mismatches antisense:target C:A, U:G, C:U and U:U), whereas the expression of a wild-type allele in green will tend to remain unchanged (mismatches G founder effect situations or in low-diversity populations where de novo mutations arise on a similar haplotype background (eg, patients of European ancestry when compared with patients of African descent). However, when we raise the number of therapeutic molecules to increase patient coverage, selecting multiple SNPs from low-diversity populations would likely provide overlapping patient coverage, leaving some patients without any targetable SNPs (Figure 3a) . This limit was empirically determined by Warby et al 18 in their sample of HD patients of European ancestry, where 6% of patients were found not to be heterozygous for any exonic SNP. In addition, the lack of targetable SNPs in low-diversity populations is more severe in genes of reduced size, which contain relatively few haplotypes, and aggravated by the low SNP density that tends to occur in sequences flanking long microsatellites. 27, 28 Apart from reduced gene size, there are other factors such as low genetic recombination rates and high levels of natural selection pressure that can contribute to increased average levels of linkage disequilibrium. To exemplify this genomic variability, we show the average linkage disequilibrium of SNPs for several disease-related genes calculated for the HapMap populations ordered according to distance of that population from Africa (Figure 3c ). In this figure one can observe the disparity in linkage disequilibrium between the SNPs of different genes (eg, the ATXN3 gene in comparison with HTT) and the tendency of linkage disequilibrium to increase with distance from Africa because of the loss of haplotypes through genetic drift.
CONCLUSIONS
In this study we described the complexity of transferring allele-specific antisense gene therapy for microsatellite disorders between populations, which leads to the need to develop a number of therapeutic antisense agents to treat a significant percentage of patients. We aimed to facilitate the validation of therapeutic targets by providing predictors of allele-specificity and information to maximise patient coverage while using a minimum number of target SNPs. And we showed that a low-diversity genetic background not only gives a greater chance of developing a single high-coverage antisense molecule but also increases the proportion of patients for which there will be no targetable SNPs. We hope that this work will constitute a fruitful route for future studies that aim to validate new allele-specific treatments for maximum patient coverage across populations. 
